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E-mail address: skhan@kfupm.edu.sa (S.M.A. KhanResults pertaining to three dimensional ﬁnite element analysis of a mixed mode edge crack in a tension
specimen are presented. Considering three values for the crack inclination angle, the effect of thickness is
investigated on the predicted crack tip plastic zone size, stress intensity factors and crack initiation angles
at the surface and the mid plane. The crack initiation angles are calculated using two crack initiation cri-
teria: MTS and R-criterion. In general, the effect of thickness is noted for low values of thickness over
crack length ratio at the surface. The ﬁnite element results are optimized through mesh convergence
and validated by experiments. The experimental set up is designed and used to measure the crack initi-
ation angle in mixed mode SENT specimen and estimate the stress intensity factors for different crack
inclination angles and specimen thicknesses.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
The nature of the crack-tip core regions, stress intensity factors
and the effect on the crack initiation angles are important factors in
understanding fracture behavior of materials. An assumption of
two-dimensional plane stress or plane strain delivers useful two-
dimensional results with reasonable accuracy. However, three-
dimensional analysis is needed to fully understand the fracture
process, which is the subject of this study.
There have been various studies to examine the crack-tip char-
acteristics. In a series of papers, Hartranft and Sih (1967, 1968,
1970) and Sih (1971) presented ﬁrst results on three-dimensional
investigation of cracked plates by modifying the existing plate the-
ories such that the plane strain condition ahead of the crack front is
satisﬁed. They analyzed a square crack in a plate of ﬁnite thickness
and found out that the stress intensity factor varies in the thickness
direction and is a function of the ratio of plate thickness to crack
length. Benthem (1977) analyzed the stress state at the vertex of
a quarter-inﬁnite crack in a half-space and noted that the stress
singularity varies through the width of plate. Guerra-Rosa et al.
(1984) studied the monotonic and cyclic crack tip zones and esti-
mated the dimensions of the crack tip zones using micro-hardness
and fatigue in compression techniques. Nakamura and Parks
(1988) analyzed a pure Mode I crack to characterize 3D stress state
in the vicinity of the crack front. They used small scale yielding
model with remote traction stress and concluded that at 1.5 timesll rights reserved.
+966 38602949.
).the thickness, the stress essentially becomes the same as the remo-
tely applied 2D plane stress. Nakamura and Parks (1989) further
analyzed mode II crack and arrived at similar results. Maccagno
and Knott (1989) used the photoelastic technique to study the
shape of the core region in a bend bar specimen of polymethyl-
methacrylate (PMMA) and captured the photoelastic pattern under
pure Mode I, pure Mode II and mixed modes I–II for two different
angles. Narasimhan and Rosakis (1990) and Zehnder and Rosakis
(1990) performed a combined study to assess three-dimensional
effects using 3-point bend test specimen. They concluded that
plane stress conditions are reached at a distance of half the thick-
ness from the crack tip. Bazant and Estenssoro (1979, 1980) and
Pook (1992, 1994, 1995) presented results on the effect of corner
point singularities. A corner point singularity arises because of
the inﬂuence of the Poisson’s ratio thus mode II and mode III
displacements appear together near the free surface. Therefore,
mode II or mode III cannot exist in isolation and existence of one
induces the other near the free surface. Ranganathan et al. (1994)
presented experimental results on determination of shape and size
of crack-tip strain ﬁelds using micro-strain gages in compact
tension specimen under cyclic loading. They presented isostrain
contours and discussed plane stress and plane strain conditions.
Wang et al. (1996) investigated the effect of the thickness on the size
of the plastic zone by using a constraint factor to modify the avail-
able 2D solution. Kwon and Sun (2000) characterized the three-
dimensional stress ﬁelds in plates with through-the-thickness
cracks. They also introduced a simple technique to evaluate 3D
stress intensity factors at the mid-plane without using the com-
plete 3D calculations. Kim et al. (2003) used a double edge-notched
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Fig. 1. Mixed mode I–II single edge notched tension (SENT) specimen.
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ing employing the electronic speckle pattern interferometry sys-
tem. They compared the observed crack-tip zones with that
deduced through a ﬁnite element analysis and with the Irwin’s
estimate of the crack-tip plastic zone, and concluded that the
experimental values lie between plane stress and plane strain
states’ values. Khan and Khraisheh (2004) presented a detailed
analysis of the crack-tip core regions for mixed mode I–II crack
loading conditions. Subramanya et al. (2005) compared 2D and
3D results in an effort to validate the 2D approximations for the
3D case. They used a boundary layer formulation and employed a
remote elastic mode mixity parameter to introduce the mixed
mode fracture. They concluded that generally plane stress condi-
tion dominates at half the thickness distance from the crack front.
Kotousov (2007) investigated fracture in ﬁnite thickness plates
using ﬁrst order plate theory to assess the validity of 2D approxi-
mations. Codrington and Kotousov (2009) developed a theoretical
model to study the effect of the thickness on the normalized load
ratio parameter on the fatigue crack propagation under small-scale
yielding. Kotousov et al. (2010) presented a review of recent devel-
opments in understanding the 3D effects using theory of elasticity.
Merah and Albinmousa (2008) determined the mixed mode I–II
crack initiation angle for a cracked polycarbonate plate with a sin-
gle inclined edge crack. The mixed mode I–II SIFs were determined
using photoelasticity and ﬁnite element method. More recently,
Hutar et al. (2010) and Doquet et al. (2010) have investigated the
existence and effects of corner point singularities on the fatigue
crack growth behavior and related it to the observed decrease in
fatigue crack propagation rate for thin structures. The out-of-plane
singular mode commonly known as the O-mode develops in plates
weakened by a through thickness crack, when the plate is sub-
jected to mode II loading (Berto et al. 2011a, b). This O-mode is
mainly generated due to Poisson’s ratio effects and can dominate
the stress ﬁeld near a crack tip when mode II stress intensity factor
is almost zero. This out-of-plane singular mode is present in both
V-notches and blunt notches (Kotousov, 2010; Berto et al., 2012;
Berto et al., 2010; Harding et al., 2010), even though the classical
solutions of blunt and U-notches do not include a singular term.
The extent of the out-of-plane mode depends on the plate thick-
ness and becomes stronger for larger notch opening angles.
In the present study, 3D effects at the crack front are explicitly
considered by studying mixed mode I–II single edge-notched ten-
sion (SENT) specimen. In addition, the effect of thickness is studied
for six different values of thickness, and the effect of mixed mode
I–II is investigated for three values of crack inclination angle. Re-
sults are presented to explore the crack tip plastic zone, stress
intensity factors, and crack initiation angles. The results are ob-
tained employing a 3D ﬁnite element model completely developed
in ANSYS environment, including the meshing of the crack. Exper-
imental results, obtained using photoelasticity technique, are used
to validate the numerical model and results.2. Numerical simulations
2.1. Problem setup
A single edge notched tension (SENT) specimen is considered in
this study (Fig. 1). The SENT specimen is modiﬁed to accommodate
mixed mode I–II, by varying crack inclination angle. The specimen
width isW, the height is 2L and the thickness is B. The crack length
is a, and b is the crack inclination angle measured from the loading
axis (b = 90 implies pure Mode I loading). The numerical values
used are W = 50 mm, L = 100 mm and a = 10 mm. Three values for
the crack inclination angle b are considered: 90, 70, 50. The thick-
ness B of the specimen is varied as 1, 2, 4, 8, 16, and 32 mm. In orderto validate the model using experimental results, two additional
conﬁgurations (details given under Section 3) were studied.
2.2. Finite element model
The commercial ﬁnite element software ANSYS version 11 is
used to perform a ﬁnite element analysis. The mixed mode I–II
SENT specimen conﬁguration as detailed above is built in ANSYS.
The material behavior is assumed to be elastic isotropic with the
following values of the elastic parameters: E = 207 GPa and
m = 0.3. The meshing of a crack tip/front model requires special
attention to achieve the 1=
ﬃﬃ
r
p
stress singularity at the crack tip/
front. As is well known, there are two main approaches. The ﬁrst
approach uses specialized crack tip/front ﬁnite elements, which
contain the stress intensity factors as unknowns. There are two for-
mulations that utilize this concept: the ﬁrst formulation creates
hybrid crack tip/front ﬁnite elements (Alturi et al., 1978; Pian
and Moriya, 1978), whereas the second formulation creates en-
riched crack tip/front ﬁnite elements (Benzley, 1974; Gifford and
Hilton, 1978; Ayhan, 2007). The difference between such two for-
mulations lies in the implementation of the interelement displace-
ment compatibility. The second approach utilizes standard
parabolic (8-noded quadrilateral for 2D and 20-noded brick for
3D) ﬁnite elements, and generates singular ﬁnite elements by per-
forming two steps. In the ﬁrst step, an edge of the 8-noded quad-
rilateral element or a face of the 20-noded brick element is
collapsed; in the second step, the midside nodes are placed at
one quarter of the element size, from the collapsed edge or face.
These triangular (2D) or wedge (3D) shaped singular ﬁnite ele-
ments around the crack tip/front with the collapsed edge or face
at the crack tip/front generate the required 1=
ﬃﬃ
r
p
singularity. Such
an approach is used in this study. ANSYS has a built-in function
(KSCON) to perform the above-mentioned two steps for meshing
the crack tip (2D), but it lacks such a function for meshing a crack
front (3D). The ﬁrst step of collapsing the face of a brick element
can be easily performed in ANSYS. However, the meticulous job
of placing collapsed wedge-shaped elements around the crack
oS.M.A. Khan et al. / International Journal of Solids and Structures 50 (2013) 1449–1459 1451front with the collapsed face at the crack front must be done man-
ually by the user. In the present study, a technique developed by
the authors (Khan, 2012) to properly mesh the crack front using
commands available in ANSYS, for mixed mode I–II SENT speci-
men, is used. To ensure correct dependence of stress on h (polar
coordinate), the mesh is highly reﬁned around the crack front. Tak-
ing advantage of symmetry through thickness, only a half of the
specimen is modeled, using symmetric boundary conditions on
the mid plane (z = 0). The lower face, y = L, is ﬁxed in all degrees
of freedom to prevent rigid body motion. A uniaxial stress equal to
20 MPa is applied at the upper face (y = L) of the specimen.
2.3. Mesh sensitivity analysis and validation
A mesh sensitivity analysis is performed to ensure optimum
mesh size for proper convergence and accurate numerical results.
Both the value of maximum von Mises stress (rMises, max) occurring
in the model and normalized stress intensity factors are used as the
convergence criterion, and the case of a pure Mode I crack (b = 90)
is employed. The mesh is reﬁned in two steps: in the ﬁrst step, it is
reﬁned only in the plane of the SENT specimen (xy-plane). Once the
mesh is optimal in the specimen plane, the mesh is then reﬁned
through the thickness. Finite elements of varying thicknesses are
used through the thickness of the specimen, where the layers of ﬁ-
nite elements become thinner towards the free surface. Results are
shown in Fig. 2. Starting with 720 ﬁnite elements, the mesh is ﬁrst
reﬁned in the plane of the specimen up to 3984 elements (at this1
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Fig. 2b. Validation of the FE model.stage the mesh is optimized in the plane of the specimen). Then
the mesh is reﬁned in the thickness direction up to 8544 ﬁnite ele-
ments at which stage, the values of both rMises, max and KI=r
ﬃﬃﬃﬃﬃﬃ
pa
p
show that the mesh is completely optimized. The optimized mesh
is shown in Fig. 1b. In addition, the FE model is validated against
data reported by Wilson (1969) and results plotted in Fig. 2b show
excellent agreement.3. Experimental validation
3.1. Setup
To validate FE results related to stress intensity factors and
crack initiation angle, a photoelastic experimental set-up is de-
signed. Polycarbonate sheets with thicknesses of 1.5–3.0 mm were
acquired. Polycarbonate is the material of choice for photoelastic
analysis of stress ﬁelds. The chosen material has an elastic modulus
E = 2.5 GPa, a Poisson’s ratio m = 0.38 and a fringe value fr = 7 MPa/
(fringe/mm). Panels of width W = 60 mm and L = 85 mm were cut
from the sheets of Polycarbonate and edge cracks of length
10 mm and crack inclination angles of 90, 70 and 50 were ma-
chined using a ﬂycutter of thickness 0.5 mm. To reduce overheat-
ing of specimen material, Bromrus coolant is used during the
crack cutting process. The crack tip is sharpened manually usingβ = 90
β = 70o
β = 50o
(a) Before initiation (b) After initiation 
Fig. 3. Crack initiation for 3 mm thick specimen.
(a) 4.5 mm thick specimen (b) Schematic 
Crazing zone and crack initiation 
Fig. 5. Crack initiation on the surface along crazing zones.
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fuse light source is used in this experiment and a tensile load is ap-
plied using dead weights. A high resolution Olympus SP-550UZ
digital camera is used to capture loaded specimens. The high reso-
lution of the camera along with macro mode lens captured the
photoelastic fringe pattern for stress intensity factors estimation.
Further, the load was increased until the crack started to initiate
while taking a series of photographs to capture the onset of crack
initiation. Supplementary tests were performed on specimens with
crack inclination angle of 70 to investigate if the cracks initiated in
the mid plane or on the free surface. Plate thicknesses of 3.0 and
4.5 mm are used to study the inﬂuence of the plate thickness on
the zone of initiation. The specimens are loaded until an observable
crack has initiated before removing them for further analysis using
magnifying apparatus and digital images.
3.2. Experimental results
The fringe patterns and the crack initiation angles for b = 90,
70 and 50 are shown in Fig. 3 and 4; crack initiation is indicated
by an arrow on these ﬁgures. The difference between pure opening
mode I and mixed mode (I and II) fracture can also be depicted by
analyzing the isochromatic fringe patterns in some of these pic-
tures. In pure opening mode, the isochromatic fringe loops are
symmetric about the crack axis while for mixed mode fracture case
these loops are not symmetric. The crack initiation angle is mea-
sured directly from the photographs shown in Figs. 3 and 4. Irre-
spective of thickness the crack is observed to initiate ﬁrst near
the free surface before developing along the thickness. The damage
starts by two crazing zones on each surface followed by crack ini-
tiation along the plasticized strips. The shape of the initial damage
is shown and illustrated schematically in Fig. 5.
To determine the stress intensity factors KI and KII, Sanford and
Dally (1979) Least Squares method is used. The relation which de-
ﬁnes the isochromatic fringe pattern in the local ﬁeld near the
crack tip is given as:β = 90o
β = 70o
(a) Before initiation (b) After initiation 
Fig. 4. Crack initiation for 1.5 mm thick specimen.Nfr
B
 2
¼ 12pr KI sin hþ 2KII cos hð Þ2 þ ðKII sin hÞ2
h i
þ 2r0xﬃﬃﬃﬃﬃ
2pr
p sin h2 KI sin hð1þ 2 cos hÞ þ KIIð1þ 2 cos2 hþ cos hÞ
 þ r20x
ð1Þ
where r0x is the far stress ﬁeld, N is the fringe order, fr is the
material fringe constant and B is the specimen thickness. The use
of the above equation required considerable efforts from the
researchers (Merah and Albinmousa, 2008). The area around the
crack tip is divided into increments of Dh = 10 and an average of
100 data points are selected for all specimens within an interval
of 0.05 < r/a < 0.3. This interval helps in minimizing the error due
to the effect of gradients in r0x as well as the measuring error in
determining the radius r. Each data point consists of a measure-
ment of the radial distance from the crack tip to the isochromatic
fringe, a measurement of the corresponding angle and the fringe
order N. All fringes are analyzed and points are taken such that half
of the data belong to the top fringes and the other half to the bot-
tom fringes with respect to the crack axis. This yielded rapid con-
vergence of the values of KI and KII within 10–20 iterations in
addition, the method is supposed to be independent of the initial
guess of KI, KII and r0x and this is also noticed while performing
the analysis on the tested specimens. Eq. (1) is ﬁtted to a large
number of points over the isochromatic ﬁeld. The ﬁtting involves
both the Newton–Raphson method and minimization process
associated with the least squares method.
3.3. Comparison of numerical and experimental results
Comparison of numerical and experimental results is provided
in Tables 1 and 2 for normalized stress intensity factors and crack
initiation angles, respectively. Two criteria are used in this study to
determine the crack initiation angles: maximum tangential stress
criterion (MTS) (Erdogan and Sih, 1963) and the R-criterion (Khan
and Khraisheh, 2004).
MTS-criterion states that direction of crack initiation coincides
with the direction of the maximum tangential stress (rh) along a
constant radius around the crack tip. It can be stated mathemati-
cally as:
@rh
@h ¼ 0
@2rh
@h2
< 0
ð2Þ
The R-criterion states that the direction of crack initiation coin-
cides with the direction of minimum distance to the elastically
loaded material around a variable core region, deﬁned by Mises
yield function. Mathematically, it can be stated as:
Table 1
Comparison of stress intensity factors.
Thickness (mm) Crack inclination angle b (degree) Stress intensity factors
Numerical Experimental (Merah and Albinmousa (2008))
At the surface z = 0.495B At mid plane z = 0.005B
KI/r
p
a KII/r
p
a KI/r
p
a KII/r
p
a KI/r
p
a KII/r
p
a
3 90 2.25 0 2.43 0 2.32 0
70 2.06 0.26 2.22 0.31 2.13 0.49
50 1.56 0.43 1.68 0.50 1.49 0.70
Table 2
Comparison of crack initiation angles.
Thickness (mm) Crack inclination angle b (degree) Crack initiation angle–ho (degrees)
Numerical Experimental
At the surface z = 0.495B At mid plane z = 0.005B
MTS R MTS R
1.5 90 0 0 0 0 0
70 15.02 14.79 14.71 14.70 –
50 28.56 27.43 28.19 28.29 29
3 90 0 0 0 0 0
70 14.17 13.97 15.12 15.11 17
50 27.37 26.34 28.81 28.92 28
(a) B/2 = 0.5 mm (b) B/2 = 1 mm (c) B/2 = 2 mm 
(d) B/2 = 4 mm (e) B/2 = 8 mm (f) B/2 = 16 mm 
Fig. 6. Development of the shape of crack tip plastic core region, b = 90.
(a) B/2 = 0.5 mm (b) B/2 = 1 mm 
(c) B/2 = 2 mm (d) B/2 = 4 mm 
(e) B/2 = 8 mm (f) B/2 = 16 mm 
Fig. 7. Development of the shape and size of crack tip plastic core region, b = 90.
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@h ¼ 0
@2R
@h2
> 0
ð3Þ
The comparison of FE and experimental results for a specimen
thickness of 3 mm reveals good agreement for mode I stress inten-
(a) B/2 = 0.5 mm (b) B/2 = 1 mm 
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show a deviation; this may be due to the use of 3D model in the
numerical analysis. The experimental crack initiation angles show
a better agreement with numerical values (obtained using Eqs. 2
and 3). Further, it is noted that to observe appreciable change in
values of stress intensity factors and crack initiation angles, larger
difference between thicknesses of specimen is required or a series
of experiments must be performed with steadily increasing the
thickness as done in the numerical approach described above.
However, this is not possible at this time due to lack of research
facility for testing specimen of larger thickness and unavailability
of test material in the local market. The complexity associated with
the photoelastic technique is another limitation. The accuracy of
determination of crack initiation angles could be improved by
using the very recent advanced methodology of infrared thermog-
raphy (Wagner et al., 2010).(c) B/2 = 2 mm (d) B/2 = 4 mm 
X4. Results and discussion
The effect of thickness on the stress ﬁeld through the thickness
was presented in a previous paper (Khan 2012) and therefore it
will not be discussed in the present study. However, it was found
that the stress ﬁeld and stress singularity varies through the plate
thickness.
4.1. Effect of the thickness on the crack tip plastic zone
Figs. 6-10 present results for the effect of the thickness on the
plastic zone at the crack tip. While looking down from the outer(a) B/2 = 0.5 mm (b) B/2 = 1 mm 
(c) B/2 = 2 mm (d) B/2 = 4 mm 
(e) B/2 = 8 mm (f) B/2 = 16 mm 
Fig. 8. Development of the shape and size of crack tip plastic core region, b = 70.
(e) B/2 = 8 mm (f) B/2 = 16 mm 
Fig. 9. Development of the shape and size of crack tip plastic core region, b = 50.surface to the mid plane, Fig. 6 (not scaled) shows the development
of the shape of the plastic zone for pure Mode I loading. The tran-
sition from a completely plane stress plastic zone to a mix plane
stress and plane strain zone is visible. With increasing thickness,
the shape of the plastic zone is stabilized at the surface with char-
acteristics of 2D plane stress plastic zone, while at the mid plane; it
attains the 2D plane strain plastic zone shape (Khan and Khraisheh,
2004). The 3D views of the plastic zone development are shown in
Fig. 7, which is scaled for direct visual comparison. While the sur-
face retains the same size and shape, the plastic zone develops and
matures inside the specimen with increasing thickness, maturing
between B/2 = 4 and 8 mm.With further increase in thickness from
B/2 = 8 to 16 mm, the length of the plane strain plastic zone in-
creases proportionally without a signiﬁcant change in the size or
shape of the plane stress plastic zone or the transition region be-
tween the two states.
Figs. 8 and 9 present the development of the plastic zone for
mixed mode I–II cases for b = 70 and 50, respectively. Compared
to the pure Mode I loading, the plastic zone shape becomes non-
symmetrical about the crack front at the surface while it remains
symmetrical at the mid plane. Further, the plastic zone matures be-
tween B/2 = 4 and 8 mm as observed for the pure Mode I.
Fig. 10 provides a quantitative measure of the size of the plastic
zone with respect to the thickness (B) normalized by the crack
length (a). It is shown that the plastic zone matures at B/a = 0.5–
1, and no further change is observed at either the surface or mid
plane. It is also noted that the size of the plastic zone reduces with
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Fig. 14b. Variation of crack initiation angle with thickness, at the surface under compression.
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strength). This is consistent with the results available for 2D ana-
lytical solutions.4.2. Effect of the thickness on stress intensity factors
Figs. 11-12 present results on the effect of the thickness on
stress intensity factors, KI and KII, respectively. At the mid plane,
KI is almost independent of the thickness of the specimen for all
crack inclination angles whereas KII shows slight dependence for
lower values of thickness. At the surface, both KI and KII show
dependence on the thickness of the specimen and decrease with
increasing thickness to taper off to a particular value depending
on the crack inclination angle. The rate of reduction appears to
be independent of the crack inclination angle. These results show
that the effects of thickness are highest at the surface and mature
with increasing thickness. It is worth mentioning that for these re-
sults, a coupled mode III exists near the free surface however as
Pook (1992, 1994, 1995) noted that this coupled mode III need to
be taken into account for cases with stronger mode II and for crack
growth cases. In the present study, since the crack stays predomi-
nantly under mode I loading, the mode III stress intensity factors
near the free surface are small. In addition, the corner point singu-
larities extend only up to a maximum of 3% of the thickness
(Nakamura and Parks; 1988) and in the present study, the stress
intensity factors are determined at z = 0.495B to exclude the
boundary layer in which mode III is the most active.4.3. Effect of the thickness on crack initiation angles
Figs. 13-14 present results on the effect of the thickness on
crack initiation angles determined by Maximum tangential stress
criterion (MTS) (Erdogan and Sih, 1963) and the R-criterion (Khan
and Khraisheh, 2004).
Results are shown for b = 50 and 70 as the crack initiates along
the crack front for b = 90. Fig. 13 represent results for a specimen
under tensile stress and Fig. 14 represent results for a specimen
under compressive stress. Both the MTS and R criteria results are
close for tension and show considerable difference for compres-
sion. This can be explained by the fact that MTS is better suited
for brittle materials and R-criterion is better suited for ductile
materials. In all cases, for both tension and compression, the re-
sults show an increase at the mid plane and a decrease at the sur-face before tapering off to a plateau level, the value of which
depends on the crack inclination angle. The distance to plateau is
of the same range as concluded earlier for the maturation of the
plastic zone shape & size, i.e. B/a = 0.5–1.
5. Conclusions
1. The effect of the thickness is explicitly investigated using a
modiﬁed mixed mode SENT specimen for both pure Mode I
and mixed mode I–II cracks.
2. Plastic zone size decreases with increasing thickness of the
specimen both at the surface and mid plane. The reduction in
size decreases with decreasing value of the crack inclination
angle b (implying increasing mode II strength) (Fig. 10).
3. Irrespective of thickness the crack is observed to initiate ﬁrst
near the free surface before forming along the thickness (Fig. 5).
4. For stress intensity factors, the largest variation is observed for
both KI and KII at the surface with values at the mid plane essen-
tially remaining the same (Figs. 11 and 12).
5. For uniaxial tensile loading, the crack initiation angle at the sur-
face is affected the most with both the MTS and R-criteria gen-
erating similar results (Fig. 13).
6. For uniaxial compression, the MTS and R-criterion present wide
difference in results, while showing the specimen thickness
effect on the crack initiation angle at the surface (Fig. 14).References
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